The benzodiazepine ͑BZ͒ class of minor tranquilizers are important modulators of the ␥-amino butyric acid (GABA A )/BZ receptor complex that are well known to affect the spectral properties of spontaneous electroencephalographic activity. While it is experimentally well established that the BZs reduce total alpha band ͑8-13 Hz͒ power and increase total beta band ͑13-30 Hz͒ power, it is unclear what the physiological basis for this effect is. Based on a detailed theory of cortical electrorhythmogenesis it is conjectured that such an effect is explicable in terms of the modulation of GABAergic neurotransmission within locally connected populations of excitatory and inhibitory cortical neurons. Motivated by this theory, fixed order autoregressive moving average ͑ARMA͒ models were fitted to spontaneous eyes-closed electroencephalograms recorded from subjects before and approximately 2 h after the oral administration of a single 1 mg dose of the BZ alprazolam. Subsequent pole-zero analysis revealed that BZs significantly transform the dominant system pole such that its frequency and damping increase. Comparisons of ARMA derived power spectra with fast Fourier transform derived spectra indicate an enhanced ability to identify benzodiazepine induced electroencephalographic changes. This experimental result is in accord with the theoretical predictions implying that alprazolam enhances inhibition acting on inhibitory neurons more than inhibition acting on excitatory neurons. Further such a result is consistent with reported cortical neuronal distributions of the various GABA A receptor pharmacological subtypes. Therefore physiologically specified fixed order ARMA modeling is expected to become an important tool for the systematic investigation and modeling of a wide range of cortically acting compounds.
␥-amino butyric acid ͑GABA͒ is the major neurotransmitter in the human brain that mediates the transmission of inhibitory events between neurons. GABA influences neurons by way of three major classes of receptors: GABA A , GABA B , and GABA C receptor classes. GABA A receptors are of particular interest as their function can be modulated by a wide variety of clinically relevant substances, most notably the sedative agents best exemplified by the barbiturate and benzodiazepine classes of drugs.
Benzodiazepines ͑BZs͒ are positive allosteric modulators of the GABA A /BZ receptor complex. By inducing a conformational change in this receptor complex, they increase the frequency of GABA initiated channel openings. Electrophysiologically, this increased probability of channel opening is reflected in an augmentation of the amplitude and the time constant of decay of the associated unitary inhibitory postsynaptic potential ͑IPSP͒ ͓1,2͔. Benzodiazepines have also been reported to increase single GABA A channel conductances in the presence of low synaptic concentrations of GABA ͓3͔. Electroencephalographically benzodiazepines are well known to decrease alpha ͑8 -13 Hz͒ and increase low beta ͑13-16 Hz͒ activity in a dose dependent manner ͓4 -6͔. Despite careful and thorough characterizations of the molecular pharmacology of the BZs and their various electrophysiological effects, the mechanism whereby BZs induce changes in the spectral content of the electroencephalogram ͑EEG͒ is unknown.
The recent theoretical work on the genesis of the alpha rhythm by suggests that BZs affect the EEG by altering reverberant activity within synaptically coupled populations of inhibitory and excitatory neurons in neocortex. This theory has previously been used to investigate the mechanism of general anesthesia using substances that have been shown to alter the time course of GABA induced IPSPs ͓10͔.
This theory considers cortex as an excitable spatial continuum of reciprocally connected excitatory and inhibitory neurons interacting by way of short-range ͑intracortical͒ and long-range ͑cortico-cortical͒ connections ͑see Fig. 1͒ . Because this is a theory of the genesis of the alpha rhythm, and not specifically a theory of its physiological modulation, only the time course and the corresponding reversal potentials of ''fast'' excitatory ͑AMPA/kainate͒ and ''fast'' inhibitory (GABA A ) neurotransmitter kinetics are explicitly incorporated. Detailed semianalytical and numerical solutions of the theory's equations have revealed a rich repertoire of physiologically plausible dynamical behavior. Of particular significance is the generation of limit cycle, chaotic, and noise driven oscillations at the frequency of the mammalian alpha rhythm, with model parameters that are all within ranges reported experimentally ͓8,11͔.
Loosely speaking, such oscillatory activity in the EEG is theorized to arise from oscillatory activity occurring simultaneously in local inhibitory→inhibitory circuits and local inhibitory→excitatory→inhibitory circuits. Oscillations generated by inhibitory→inhibitory circuits are predicted to have a higher frequency than those generated in inhibitory→excitatory→inhibitory circuits because the total loop delay of the former (t ii p ) is less than the loop delay of the latter (t ie p ϩt ei p ) as t ii p рt ie p . These loop delays will correspond respectively to the mean times to peak for excitatory postsynaptic potentials ͑EPSPs͒ and IPSPs induced in the dendrites of excitatory and inhibitory neurons when measured at the soma. Thus strengthening inhibitory→excitatory population connectivity will weight the EEG toward lower frequencies, whereas strengthening inhibitory→inhibitory connections will weight the EEG toward higher frequencies.
On this basis it is hypothesized that benzodiazepines shift the alpha to higher frequencies because they amplify inhibitory→inhibitory population synaptic interactions to a greater degree than inhibitory→excitatory interactions. To test this hypothesis eyes-closed EEGs were recorded from subjects who had taken a low dose of a short acting benzodiazepine, alprazolam. The EEGs was then analyzed using theoretically motivated fixed order autoregressive moving average ͑ARMA͒ time series modeling. Our results provide strong experimental evidence for interpreting benzodiazepine induced electroencephalographic changes as due to the modulation of a cortical white noise filter.
II. THEORY
The alpha rhythm is arguably the most obvious recordable feature of the intact human brain. While the exact basis for its genesis is still controversial it is widely believed that it arises as a consequence of one or more of the following mechanisms: endogenous or exogenous ͑thalamic͒ pacing of cortical neurons ͓12-14͔; oscillatory activity generated through the reciprocal feedforward interactions of excitatory ͑pyramidal͒ and inhibitory ͑interneuron͒ cortical neuronal populations ͓15-18͔; or boundary dependent standing wave generation ͑Schumann resonance-like͒ due to long-range cortico-cortical connectivity ͓19-21͔. The theory of Liley et al. ͓7-9͔, however, suggests that none of these mechanisms are sufficient, either separately or taken together, in explaining the physiological genesis of the alpha rhythm.
In this theory it is found that the strength and form of population inhibitory→inhibitory synaptic interactions are the most important determinants of the frequency and damping of the emergent theoretical alpha band oscillatory activity. Such behavior arises principally because local inhibitory→inhibitory and local inhibitory→excitatory loop delays that are associated with physiologically and electroencephalographically plausible alpha activity are longer than the corresponding local ͑intracortical͒ and long-range ͑cortico-cortical͒ excitatory-excitatory loop delays. It is important to emphasize that the predicted importance of local circuit inhibitory→inhibitory population activity in the genesis of alpha band activity emerges from a theory in which both local ͑intracortical͒ and global ͑cortico-cortical͒ neuronal circuit activity have been incorporated.
The theory considers the EEG and ECoG ͑electrocortico-gram͒ as being linearly related to the mean ͑over a spatial scale of the order of approximately 1 mm͒ soma membrane potential of underlying cortical excitatory ͑pyramidal͒ neurons ͓h e (x,t)͔. It differs from other macroscopic continuum theories ͓19,21-23͔ in that the time course of the unitary IPSP is described by a third-order differential equation. Lower orders are theoretically found unable to support any appreciable or widespread alpha band activity. Appendix A contains further details. Like other rate based theories of electrocortical activity ͓15,17,24͔, oscillatory activity in the EEG is posited to correspond to periodic modulations in the average neuronal firing rate and not to the average firing frequency of excitatory neurons. This continuum mean firing rate based theory is ''mechanistically'' quite distinct from the discrete spike based inhibitory interneuron network models that have been developed to investigate the genesis of synchronized gamma activity ͓25͔. Of particular note is that these spike based interneuron network models predict that benzodiazepines will be associated with reductions in the frequency of the dominant ␥ band ͑40 Hz͒ population oscillations ͓25͔.
The intuitive basis for interneuron oscillations in this theory is as follows ͑see Fig. 2͒ . Initially activated inhibitory neurons ͑due to constant extra-/intracortical excitatory input͒ give rise to inhibitory neural firings which, after a single loop delay (t ii p ), feed back to inhibit and thereby reduce the activity of these initially active inhibitory neurons. Because the activity of this inhibitory neural population is now reduced, the inhibitory population feedback is subsequently weakened and thus, after another loop delay, inhibitory population activity again increases, and thus the previous sequence of events can start anew. In this manner oscillations are generated with a period of O(t ii p ). Such inhibitory local circuit activity is made experimentally observable by coupling to the adjacent population of excitatory neurons. Thus it is predicted that inhibitory population activity will phase lead excitatory population activity by an amount proportional to the mean inhibitory →excitatory loop delay (t ie p ). This, as yet experimentally untested, prediction serves to distinguish our hypothesized mechanism of EEG rhythmogenesis from those posited by other workers ͑e.g., Freeman ͓26͔͒.
Theoretical predictions
From a mathematical point of view the theory's equations are cast as a coupled set of nonlinear partial differential equations ͑see Appendix A͒. Explicit quantitative solutions to these equations can be obtained only through numerical integration as analytical solutions do not exist. Fortunately, many important qualitative properties of these equations can be understood through linearization. Linearization of these equations about a singular point yields the following linear time invariant system:
where k and are the wave number and angular frequency, respectively. Loosely speaking, k specifies the reciprocal of the characteristic physical scale over which oscillations of frequency occur. Based on theoretical and numerical arguments ͑Appendix B͒, we are able to set k to a fixed value of 0.4 rad cm Ϫ1 for all . H e (k,) is the Fourier transform of the mean soma membrane potential of excitatory neurons h e (x,t), G e is the electrocortical transfer function, q is a FIG. 2. Oscillatory activity generated by negative feedback within cortical interneuron ͑inhibitory͒ circuits is hypothesized to be the basis for rhythmic activity within the alpha band ͑8-13 Hz͒. Inhibitory population activity is predicted to phase lead excitatory population activity by an amount proportional ͑͒ to the mean inhibitory→excitatory loop delay t ie p ͑i.e., mean time to peak for an IPSP induced in an excitatory neuron when measured at the soma͒. E and I refer to local cortical populations of excitatory and inhibitory neurons, respectively. The excitatory→excitatory and excitatory→inhibitory connections of Fig. 1 have been omitted for clarity.
vector of parameters, and P(k,) represents the spatiotemporal form of cortical input. The theory includes such parameters as EPSP and IPSP potential peak amplitudes and time courses, neuronal membrane time constants, excitatory and inhibitory population connectivities, as well as physiologically derived functions specifying mean neuronal population firing rates as a function of the respective mean soma membrane potentials.
In the absence of any information to the contrary, it is assumed that the cortical input P(k,) is spatiotemporally so complicated as to be indistinguishable from band limited white noise ͓8,17,20,24,27,28͔. On this basis, solutions to D(k,)ϭ0 for fixed real k give the theoretically predicted EEG resonant frequencies. The interesting interpretation of this result is that the eyes-closed mammalian alpha rhythm arises because cortex acts as a white noise filter to its input. In discrete time signal processing Eq. ͑3͒ can be modeled by an ARMA model of MA order max(m)ϭ5 and AR order of max(n)ϭ8 if P(k,) is Gaussian noise ͓29͔. These orders correspond to the respective polynomial orders of the denominator and numerator of the theoretically derived electrocortical transfer function ͓Eq. ͑3͒ and Eqs. ͑A10͒-͑A13͒ in Appendix A͔.
In general, no analytical results can be obtained for the roots of D(k,) and thus the functional dependence of these roots ͑also known as poles͒ on physiological and anatomical parameters cannot be explicitly obtained. However, by performing a Monte Carlo parameter space search ͑assuming all parameters are uniformly distributed over physiologically plausible ranges͒ ͑see Table IV below and ͓8͔ for further details͒, sets of parameters can be found that give rise to electroencephalographically plausible eyes-closed alpha activity ( f c /⌬ f FWHM у5 for a spectral f c peak lying between 8 and 13 Hz͒. The sensitivity of these alpha resonances to systematic parametric perturbations can be determined analytically ͓8͔. Given that benzodiazepines are known to augment the amplitude of GABA mediated IPSPs ͑Fig. 3͒ it is to be expected that all inhibitory population synaptic connections will be strengthened. Therefore the sensitivity of these theoretical resonances to variations in N ii ␤ ͑inhibitory→inhibitory population connection strength͒ and N ie ␤ ͑inhibitory→ excitatory population connection strength͒ is of particular rel- Table I for full details.
evance. Figure 4 and Table I details these theoretical predictions for a range of wave numbers. It is found that increases in N ii ␤ are predicted to increase the frequency of the alpha whereas increases in N ie ␤ are predicted to decrease frequency for all values of k.
It is useful to compare predictions made by other competing theories of alpha electrorhythmogenesis of the effects of benzodiazepines on EEG dynamics. Table II outlines the predicted effects of benzodiazepines on the change in relative alpha ͑8 -13 Hz͒ and beta ͑13-30 Hz͒ spectral powers. The theory of Liley et al. ͓7-9͔ is currently the only one to make predictions that are consistent with the known effects of benzodiazepines on the EEG.
Specifically, it is hypothesized that
where and ⑀ are real constants, ͓BZ͔ is the extracellular benzodiazepine concentration, and ⌬* ͑which will be complex͒ is the corresponding change in pole location in the ␤ and N ie ␤ , respectively. The corresponding motion in the s and z planes is ⌬s*ϭi⌬* and ⌬z*ϭe i⌬*/ f s , respectively ͑where f s is the sampling frequency in hertz͒. ⑀ is the relative pharmacological potency of alprazolam acting at GABA A receptors on inhibitory neurons compared to alprazolam acting at GABA A receptors on excitatory neurons. Thus ⑀͓BZ͔ and ͓BZ͔ are the fractional changes in the mean peak amplitudes of IPSPs effected by benzodiazepines in inhibitory and excitatory neural populations, respectively. See Appendix A and Eq. ͑A22͒ for further details.
We note that Eq. ͑4͒ enables estimates of ⑀ and ͓BZ͔ to be obtained from experimental data. By solving this simultaneous equation we obtain
where the overbar in this equation represents the complex conjugate.
III. METHODS AND MATERIALS

A. Subjects
In a randomized, placebo-controlled, double-blind twoway crossover study, 18 healthy male nonsmokers were investigated. Females were not recruited as contraceptive and menstrual effects are known to affect the expression of eyesclosed alpha activity and to alter benzodiazepine sensitivity ͓35,36͔. Further, it is known that a variety of steroid hormones ͑including endogenous progesterone͒ are able to modulate GABA physiologic responses and hence benzodi- azepine sensitivity. Subjects were recruited via university notice board advertisements. Subjects were randomized using a simple randomization procedure after screening tests were performed. All subjects were drug-free and in good health as determined by a complete physical examination. Each subject gave written informed consent before taking part in the study, which was approved by the Human Research Ethics Committee of the Swinburne University of Technology.
B. Study design
On the day of testing, subjects randomly received either a placebo or alprazolam 1 mg ͑Xanax, Pharmacia Australia͒ as a single oral dose. Alprazolam was chosen for three principal reasons: ͑i͒ plasma levels of any psychoactive metabolites are extremely low, ͑ii͒ it has a relatively short elimination half-life (t 1/2 ϭ6 -19 h), and ͑iii͒ it has a relatively rapid time to peak following oral administration (t peak ϭ1 -2 h) ͓4͔. All testing sessions were separated by at least 1 week to allow for drug washout. On the morning of each recording session subjects received a light breakfast. Baseline EEG recordings were then taken prior to drug/placebo administration. 75 min after taking the drug/placebo subjects received a light lunch. Approximately 30 min following this subjects then commenced postdrug/placebo EEG recordings.
C. EEG recording
Before taking the randomly assigned medication all subjects underwent a baseline EEG recording consisting of approximately 66 s each of spontaneous EEG recorded under the following conditions: eyes closed relaxing, eyes closed mental subtraction, eyes open relaxing, and eyes open mental subtraction. Subjects then underwent an identical set of recordings two hours after receiving the medication. Following this, subjects underwent further tests that were of no importance to this study.
All EEG recordings were performed using custom built amplifiers, A/D conversion, and serial data collection developed by the Brain Sciences Institute of Swinburne University of Technology. The EEG was recorded referenced to linked ears using 64 scalp electrodes attached to an electrode cap using the nasion as a ground. Electrodes were positioned according to the international 10:20 standard system with the addition of midpoint electrodes. Because of the occipital dominance of the alpha rhythm, only an occipital electrode subset was analyzed. In particular, EEGs recorded from electrode 48 ͑midway between Pz and P3͒, electrode 50 ͑midway between Pz and P4͒, electrode 56 ͑midway between Pz and O1͒, and electrode 57 ͑midway between Pz and O2͒ were analyzed. The EEG was bandpass filtered ͑0.1-80 Hz͒ and sampled at 500 Hz ( f s ).
D. Data analysis
All data were archived on CD for subsequent analysis. After the removal of nonfunctioning electrodes, each 66 s spontaneous EEG channel recording was optimally ͑Wiener͒ filtered using a 201 point LMS ͑least mean square͒ adaptive filter to remove periodic 50 Hz interference, which is known to compromise subsequent ARMA coefficient estimation. Such filtering was preferred to an a priori fixed coefficient digital low-pass or bandpass filter as it is better suited to the removal of a periodic artifact in a nonstationary signal. Each filtered 66 s recording was decomposed into 50% overlapping 1024 point ͑Ϸ2 s͒ segments for ARMA modeling. After the mean was removed each 2 s epoch was fitted with an ͑8,5͒ order ARMA model ͑ARMASA Matlab Toolbox͒ ͓37,38͔. Formally, each EEG segment y(n) based on Eq. ͑3͒ was modeled as
where u(n) is assumed to be a white noise ͑Gaussian͒ process. By taking the z transform this can be written equivalently in the z domain as
Solutions to A(z)ϭ0 will give the system poles and solutions to B(z)ϭ0 give the system zeros. In general these solutions are complex with ͉z͉Ͻ1. Assuming a single dominant weakly damped pole, z 0 (͉z 0 ͉Ϸ1), f s Arg(z 0 )/2 is the frequency and
the damping of the dominant temporal mode constitutive of the alpha resonance. f s is the sampling frequency. Note that as ͉z 0 ͉→1, ␥→0, and as ͉z 0 ͉→0, ␥→ϱ, as consistency demands. For each session involving placebo ͑PL͒ or benzodiazepine the difference in the average location of poles ͑deter-mined for each 2 s segment͒ lying between 6 and 30 Hz before ͑Ϫ͒ and after ͑ϩ͒ the administration of either the PL or BZ was calculated for each subject and channel, i.e.,
͑13͒
For each channel the following null hypotheses were evaluated using a distribution-free paired one-sided permutation ͑resampling͒ test ͓39͔: For each subject and electrode ARMA power spectra ͓͉B(e i )/A(e i )͉ 2 ͔ were calculated for all 2 s segments and then averaged. Similarly, for each subject and electrode fast Fourier transform FFT power spectra were calculated for all 50% overlapping 2 s segments and then averaged. In both cases the location of the spectral peak ( f c ) in between 8 and 13 Hz was determined as were the relative ͑to the total power over the interval 0-30 Hz͒ alpha ͑8 -13 Hz͒ and beta ͑13-30 Hz͒ powers.
IV. RESULTS
Of the 18 subjects recruited, one did not complete the study, two did not display a clear eyes-closed resting alpha rhythm, and another became quite drowsy following oral benzodiazepine administration. For these subjects the associated data were eliminated from the subsequent data analysis. For one of the remaining subjects, electrode 56 in the BZϩ condition did not yield a viable EEG signal and thus was not included in any further analysis. Figure 5 illustrates the results of a typical ARMA based pole-zero analysis before and after an oral dose of alprazolam. The important features to note are ͑i͒ the distinct groupings of poles and zeros populating the z plane, ͑ii͒ distinct populations of poles having frequencies lying in the range 8 -13 Hz, ͑iii͒ clear differences between the location of the centroids of the alpha poles before ͑BZϪ͒ and following ͑BZϩ͒ benzodiazepine, ͑iv͒ insubstantial differences between the location of the alpha poles before ͑PLϪ͒ and following ͑PLϩ͒ placebo, and ͑v͒ zeros at approximately 50 Hz due to the adaptive removal of mains interference and poles at about 80 Hz corresponding to the band edges of the lowpass analog filtering. In this example it is evident that the variability (͉z 0 Ϫ͗z 0 ͉͘) in alpha pole location after the ingestion of the benzodiazepine is more pronounced than in the other three conditions. Further, the mean of this variability over all subjects and electrodes is significantly greater (p ϭ0.0443) in the BZϩ condition compared to the BZϪ condition. FIG. 5 . ͑Color͒ Pole-zero plot of the upper right quadrant of the z plane for a typical subject for the BZϪ/BZϩ condition ͑top two figures͒ and the PLϪ/PLϩ condition ͑bottom two figures͒. Note the distinct populations of poles ͑ϩ͒ and zeros ͑᭺͒ ͑left hand figures͒. Right hand figures show in more detail the region of the z plane corresponding to 8 -13 Hz activity. Differences between both r and of the BZϪ and BZϩ alpha pole centroids are highly significant (pӶ0.001). The upper left quadrant of the z plane has not been plotted as it contains no poles of electroencephalographic relevance and the lower half of the complex z plane has been omitted as it is the mirror image of the upper half.
A. Intrasubject differences
Figures 6 and 7 present a summary of the differences in pole location before and after benzodiazepine administration for each subject and electrode. Figure 6 indicates that an increase in the mean pole frequency ͑over the range 6 -30 Hz͒ following benzodiazepine administration occurred in up to 13 of 14 subjects. Such a shift was significant at the p р0.001 level in at least one of the four electrodes for 10 subjects. Figure 7 indicates that an increase in the mean pole damping ͑for poles in the range 6 -30 Hz͒ following benzodiazepine administration occurred in up to 12 of 14 subjects. Such a shift was significant at the pр0.001 level in at least one of the four electrodes for eight subjects.
By comparison, the mean pole frequency and mean pole damping increased significantly (pр0.001) in only three of 14 subjects ͑results not shown͒ following placebo administration, with the magnitude of these shifts being less than in the corresponding benzodiazepine condition. Figure 8 illustrates the difference in the average location of poles ͑determined for each 2 s segment͒ lying between 6 and 30 Hz before ͑Ϫ͒ and after ͑ϩ͒ the administration of either the PL or BZ, for each subject and channel. For the placebo condition intersubject variations in ⌬ and ⌬r are centered about ͑0,0͒, whereas the corresponding variations for alprazolam are centered about a point in the lower right quadrant of the ⌬-⌬r plane. There was no inferrable relationship between and ⌬ or r and ⌬r. For all electrodes ⌬ for the BZ condition was significantly greater than ⌬ for the PL condition, i.e., the null hypothesis of Eq. ͑14͒ was rejected. For all but one electrode, ⌬r for the BZ condition was significantly more negative than ⌬r for the PL condition, i.e., the null hypothesis of Eq. ͑15͒ was rejected. It is interesting to note that these differences between PL and BZ conditions are more significant for the anterior electrodes ͑48 and 50͒ than the posterior electrodes ͑56 and 57͒. However, while the mean frequency shift of the alpha pole was greater in the anterior electrodes ͑3.14 Hz͒ than in the posterior pair ͑2.76 Hz͒, this difference was not significant (p ϭ0.2535). Figure 9 illustrates the pooled data for all subjects and electrodes for both the placebo and benzodiazepine condi- Mean pole frequency Ϯ one standard error in the mean for all poles lying between 6 and 30 Hz for each subject, before ͑BZϪ͒ and after ͑BZϩ͒ alprazolam administration. The significance level ͑i.e., the probability p of a type I error͒ associated with an increase in the mean pole frequency following BZ administration is indicated just above the abscissa: no stars, not significant; * , 0.01Ͻpр0.05; ** , 0.001Ͻpр0.01; *** , pр0.001. The p values for each subject and condition were determined by treating each of the 2 s epochs for that subject and condition as a sequence of independent samples. The p values were calculated using 10 6 permutations in an unpaired one-sided permutation test which preserved the number of entries in before ͑BZϪ͒ and after ͑BZϩ͒ conditions as well as automatically allowing for the problem of multiple comparisons over the four electrodes used. The values are thus experimentwise p values and are assigned to electrodes in a way that avoids the need for a Bonferroni correction ͑or some such͒ when interpreting the significance levels. The error bars are Ϯ one standard error in the mean, estimated from the epochs for each subject and electrode and corrected for correlations between near neighbor epochs.
B. Population differences
tions. Of note is the clear difference in the distributions of pole frequencies and pole dampings between the two conditions. Following benzodiazepine administration both median pole frequency and median pole damping have increased.
C. Comparisons between parametric
and nonparametric methods Table III shows the results of comparisons between the parametric ARMA methods used here and the better known nonparametric Fourier methods. Each method was used to calculate ͑i͒ the mean difference in the alpha center frequency, ͑ii͒ the mean difference in relative alpha power, and ͑iii͒ the mean difference in relative beta power between PL and BZ conditions. In all cases the results obtained based on the ARMA spectra were comparable to those obtained from periodogram analysis. In particular, both methods consistently indicated opposite motions in the alpha center frequency f c for the BZ condition when compared to the PL condition. Except for electrode 50 the changes in the alpha center frequency ⌬ f c were not significant. In spite of this, both methods indicated significant and substantial differences in relative alpha and beta power following alprazolam. In all cases, relative alpha power decreased while relative beta power increased. It is noteworthy that these differences were almost invariably more significant when the ARMA method was used.
V. DISCUSSION
The resting alpha rhythm is theoretically hypothesized to arise as a result of the filtering of input signals to cortex. The filter properties are determined by the bulk ͑macroscopic/ large-scale͒ anatomical and physiological properties of excitatory and inhibitory cortical neurons. In this theory inhibition is conceived as having an important role in determining the properties of this ''cortical filter'' and thereby the spectra of the alpha rhythm. In particular the selective modification of the strength of cortical inhibitory action by benzodiazepines such as alprazolam is predicted to be associated with quite specific changes in the properties of this filter.
Compared to the placebo condition, it was found that alprazolam causes a significant shift in the most weakly damped pole constituting the alpha rhythm, such that its corresponding frequency and damping both increased. In the absence of any other poles this implies that alprazolam causes the alpha spectrum to shift to the right and broaden. However, in general, a pole also exists having zero frequency and finite damping ͑i.e., the pole is on the negative real s axis; see Fig. 4 and the top left panel of Fig. 5͒ which complicates such a simple interpretation, thus making it difficult to use nonparametric spectral methods ͑see Table III͒ to quantify alpha center frequency ( f c ) and spectral width ͑e.g., full width half maximum͒. However, the motion of this single pole ͑actually a pair of conjugate poles͒ would be associated with a reduction in alpha band power and an in- FIG. 7 . Mean pole damping Ϯ one standard error in the mean for all poles lying between 6 and 30 Hz for each subject, before ͑BZϪ͒ and after ͑BZϩ͒ alprazolam administration. The significance level ͑i.e., the probability p of a type I error͒ associated with an increase in mean pole damping following BZ administration is indicated at the top of each figure: no stars, not significant; * , 0.01Ͻpр0.05; ** , 0.001Ͻpр0.01; *** , pр0.001. p values and error bars were calculated in the same manner as the mean pole frequencies of Fig. 6 . crease in beta band power. The results of calculating the corresponding ARMA spectra ͑see Table III͒ are consistent with this and are entirely comparable to those obtained using the more commonly used and better known nonparametric Fourier methods. Theoretically based ARMA modeling of the electroencephalographic effects of benzodiazepines provides additional information that cannot be obtained from the model-free empirical approaches exemplified by Fourier spectral analysis.
On the basis of the theory small changes in inhibitory→ inhibitory and inhibitory→excitatory population coupling strength typically have opposite effects on the most weakly damped pole constitutive of alpha. Increases in N ii ␤ were predicted to increase the frequency and damping of such a pole, whereas increases in N ie ␤ were predicted to decrease the frequency and damping. These predictions coupled with our experimental results lead us to conclude that alprazolam increases the amplitude of GABA A mediated IPSPs in inhibitory neurons to a greater extent than the corresponding IPSPs in excitatory neurons. These results together with the theoretical predictions of Table I allow us to quantify such a difference.
By substituting median figures for * before and after BZ administration ͑see Fig. 9͒ into Eqs. ͑5͒ and ͑6͒, we can obtain population estimates for ⑀ and ͓BZ͔. In this manner we find that ⑀Ϸ1.8 and ͓BZ͔Ϸ1.6, implying that the pharmacological properties of GABA A receptors on inhibitory neurons are distinct from those on excitatory neurons. Thus for the average 1.36 Hz change in the median alpha pole frequency ͑⌬*͒ following benzodiazepine administration, IPSPs in excitatory and inhibitory cells would have had their amplitude augmented by 1.6 and 2.9 times, respectively. It is worth noting that this predicted heterogeneity in the cellular distribution of GABA receptor subtypes is essentially independent of the characteristic spatial scale assumed for the alpha band activity, as can be determined by making additional calculations of ⑀ for the different wave numbers of Table I . It is well known that the heteropentameric GABA A receptor can be classified into a number of subtypes depending upon either its pharmacological properties or subunit composition ͓40,41͔. The majority of GABA A receptors contain ␣, ␤, and ␥ subunits each of which has a number of specific isoforms, with the effects of benzodiazepines dependent on subunit composition in a complex manner. For example, a ␥ subunit is required for GABA A benzodiazepine sensitivity, FIG. 8 . ⌬ and ⌬r ͓see Eqs. ͑10͒-͑13͔͒ for channels 48, 50, 56, and 57. Open circles indicate the PL condition and closed circles represent the BZ condition for each of the 14 subjects. p() and p(r) give the significance levels, as determined by a one-sided permutation test, for the rejection of the null hypotheses ⌬ BZ р⌬ PL ͓Eq. 14͔͒ and ⌬r BZ у⌬r PL ͓Eq. ͑15͔͒.
the magnitude of which depends upon whether the ␥ 1 ͑low sensitivity͒, ␥ 2 ͑high sensitivity͒, or ␥ 3 ͑low sensitivity͒ isoform is present ͓42͔. In addition, the nature of the ␣ subunit ͑which has six known isoforms͒ comprising the GABA A receptor also determines BZ sensitivity ͓40͔. The cellular distribution of the various receptor subtypes has been determined using in situ immunohistochemical methods and indicates that there is great diversity in their cellular distribution. Of particular relevance are the reports indicating the different subtype distribution expressed on pyramidal neurons (␣ 2 ␤ 3 ␥ 2 -A2a3) and interneurons (␣ 1 ␤ 2 ␥ 2 -A1a2) in rat hippocampus ͓43͔. The latter subtype ͑an example of the FIG. 9 . Histograms of frequency ͑bin widthϭ1 Hz͒ and damping ͑bin widthϭ2.5 s Ϫ1 ) for all poles lying between 6 and 30 Hz for all subjects and all channels for each of the placebo and benzodiazepine conditions. TABLE III. Comparisons between nonparametric ͑fast Fourier transform, FFT͒ and parametric methods ͓eighth-order autoregressive fifth-order moving average, ͑8,5͒ ARMA͔ for power spectral analysis. ⌬ f c is the mean change in the alpha center frequency and ⌬␣ and ⌬␤ are the mean changes in fractional alpha ͑8-13 Hz͒ and beta ͑13-30 Hz͒ power, respectively, between benzodiazepine and placebo conditions. All p ͑sig-nificance͒ values were determined using a one-sided permutation test. If more detailed studies of the type outlined here are performed involving sedation measures ͑critical flicker fusion ͓45͔, choice reaction task ͓46͔, and the line analog rating scale ͓47͔͒, then quantitative relationships can be established between pole motion and the level of sedation. Ultimately this would pave the way for the development of more reliable and rational methods for the assessment of sedation in the clinical setting, as is needed during short term anesthesia. Further, because the theory does not need to specify how bulk cortical inhibitory neurotransmission is modified, the theoretically constrained ARMA modeling described here is applicable to investigating the physiological effects and mechanisms of a wide range of centrally acting pharmaceuticals. Such compounds include general anesthetics and barbiturates, which are known to alter the shape and amplitude of the unitary IPSP. In addition to quantifying cortical GABAergic modulations, our method can be used to investigate the normative spatial ͑via the topographic mapping of r and ͒ and temporal ͑longitudinal pole stability͒ structure of the human alpha rhythm. On this basis, fixed order ARMA modeling can be used to further elaborate and quantify developmental changes in the alpha rhythm that are known to occur ͓48͔, thus enabling greater insight into the genesis of this ubiquitous and important cortical rhythm.
APPENDIX A: CANONICAL ELECTROCORTICAL EQUATIONS
The theory of alpha electrorhythmogenesis is based upon a detailed spatially continuous two-dimensional mean field theory of electrocortical activity ͓7-9͔. The principal state variables modeled are the mean soma membrane potentials of local cortical populations of excitatory and inhibitory neurons. The local field potential, and hence the EEG/ECOG, is regarded as being linearly related to the mean soma membrane potential of the excitatory neurons h e . This theory can be cast as a set of coupled nonlinear one-dimensional partial differential equations that incorporate the major bulk anatomical and physiological features of cortical neurons and include cable delays, neurotransmitter kinetics, and intracortical and excitatory cortico-cortical connectivities. The spontaneous alpha rhythm is theorized to arise predominantly as a consequence of the local linear properties of cortex. 
where
T , and I is the identity matrix, with
where j, jЈϭe,i. S j (h j ) represents the mean firing rates of neurons of type j. Thus oscillatory activity in the EEG, as represented by h e (t), implies oscillatory activity in the mean excitatory neuron firing rate S e "h e (t)…ϵS e (t). Table IV defines all the theoretical parameters and indicates the ranges that are used to generate parameter sets that give rise to stable physiological alpha activity. The unitary IPSP and EPSP correspond to the perturbation in the mean soma membrane potential, of a postsynaptic neuron, induced by a single presynaptic action potential that arises from an inhibitory and excitatory neuron, respectively.
In the current theory an average IPSP ( jЈϭi) or EPSP ( jЈϭe) corresponds to the solution of the reduced equations
Note that Eqs. ͑A7͒ and ͑A8͒ imply that the shape of both IPSPs and EPSPs are described by a third-order differential equation. The theoretically assumed shape of these postsynaptic potentials accords well with experiment ͓49͔. It is important to emphasize that details of the neuronal dendritic cable properties and neurotransmitter kinetics are subsumed into the parameters j , ␥ j , and ⌫ j . For this reason we refer to j , ␥ j , and ⌫ j as the effective passive membrane time constant, PSP rate constant, and PSP peak amplitude respectively. It is experimentally well established that the amplitude of the unitary IPSP ͓1͔ ͑which is determined by ⌫ i ) is augmented in the presence of extracellular benzodiazepines. In the current theory it has not been necessary to assume any functional form for ⌫ i (͓BZ͔) other than it is a monotonically increasing function of the extracellular benzodiazepine levels ͓͑BZ͔͒, because of the subsequent linear sensitivity analysis. Figure 3 shows an IPSP obtained from the solution of Eqs. ͑A7͒ and ͑A8͒ and the theoretically assumed effect of extracellular benzodiazepines on its amplitude.
In order to determine theoretically whether the alpha rhythm can be understood in terms of a white noise fluctuation spectrum, the above equations are linearized about spatially homogeneous singular points. For a given set of parameters these singular points can be obtained by setting all spatial and temporal derivatives to zero and solving for h e . In general, these singular points h e * are solutions to 
where 
͑A17͒
The roots * found by solving D(k,;q)ϭ0 for fixed real k give the theoretically predicted EEG resonant frequencies *, under the assumption that cortical input is so complicated as to be indistinguishable from white noise. For stable oscillatory behavior ͓i.e., all ϪIm͑*͒Ͻ0͔, it is found that of the eight roots only a conjugate pair near the origin remain weakly damped under widespread parametric variation. This pair of roots ͑or poles͒ will dominate the linear behavior of the model. No analytical expressions can be obtained for the functional dependence of these weakly damped roots on model parameters. However, by performing a Monte Carlo parameter space search, assuming all parameters are uniformly distributed on the intervals given in Table IV , it is established that electroencephalographically and parametrically plausible alpha activity ͑as determined from the most weakly damped root over all k: ϪIm͑*͒Ͻ0, 16р͉Re͑*͉͒р26 rad s Ϫ1 and ͉Re͑*͉͒/͓2 Im͑*͔͒у5͒ is widespread. The sensitivity of these model resonances to small perturbations in one or more of the model parameters q can be determined as follows. Rewriting the dispersion relationship D(k,;q)ϭ0 to depend explicitly upon h e * and q we get D"k,͑q ͒,h e *͑q͒,q…ϭ0.
͑A18͒
For any arbitrary parameter q j of q the total derivative of D with respect to q j is, by the chain rule, For the randomly generated parameter sets of Appendix A it is found that in the majority of cases ͑Ͼ80%͒ k () ϰRe() and spans a relatively narrow range of wave numbers (0.2-0.6 rad cm Ϫ1 , medianϭ0.4 rad cm Ϫ1 ) over the range of electroencephalographic interest ͑0-30 Hz͒. 
